Abstract This study examined discharge rate modulation at respiratory (0-0.5 Hz) and beta (16-32 Hz) frequencies in trapezius motor units active during voluntary contractions and during periods of instructed rest under conditions of low and high psychosocial stress. In separate sessions, single motor unit activity was recorded from the trapezius muscle of healthy women during low-intensity voluntary contractions and during periods of instructed muscle rest that followed voluntary contractions. The level of psychosocial stress during periods of instructed muscle rest was manipulated using a verbal math task combined with social evaluative threat which increased perceived anxiety, heart rate, and blood pressure (P · 0.002). Discharge rate modulation was quantiWed by the mean power of motor unit discharge rate proWles within frequency bands of interest. Under low stress conditions, motor units active during instructed rest had greater power at 0-0.5 Hz (P = 0.002) and less power at 16-32 Hz (P = 0.009) compared to those active during voluntary contraction. Exposure to the stressor increased the amount of motor unit activity during instructed rest (P = 0.021) but did not alter the power of discharge rate modulation at 0-0.5 Hz (P = 0.391) or 16-32 Hz (P = 0.089). These results indicate that sustained motor unit activity during periods of instructed muscle rest has a lesser contribution from inputs at beta frequencies and a greater contribution from inputs at respiratory frequencies than present during low-intensity voluntary contractions. Furthermore, increases in motor unit activity when exposed to stressors during periods of instructed rest are not caused by changes in inputs at respiratory or beta frequencies.
Introduction
Occupational studies suggest that rest periods in trapezius muscle activity throughout the workday may be important to avoid the development of neck pain (Veiersted et al. 1993; Hagg and Astrom 1997; Sandsjo et al. 2000) . It has even been suggested that an inability of the muscle to relax following active contractions may be a better predictor of injury than the absolute magnitude or frequency of muscle activation (Lundberg 1999) . However, activation of trapezius motor units has been observed experimentally even when no explicit motor task is being performed (Kitahara et al. 2000; Lundberg et al. 2002) . Furthermore, acute exposure to psychosocial stressors has been shown to reduce the frequency of rest periods in the trapezius muscle (McLean and Urquhart 2002; Schleifer et al. 2008) . The mechanisms underlying sustained activation of trapezius motor units in the absence of physical task demands and during exposure to psychosocial stressors are not known.
One potential explanation for sustained muscle activity in the absence of physical task demands may involve respiratory inputs to the trapezius motor neuron pool. Phase relations between trapezius muscle activity and chest wall movement during singing and modulation of motor unit discharge rates at respiratory frequencies during tasks performed with the upper extremities (Westgaard et al. 2006) suggest that the trapezius muscle receives respiratory inputs during voluntary motor tasks. However, it is not known whether respiratory inputs contribute to motor unit activity during periods of intended rest, or whether these inputs diVer from those received during voluntary contractions. A second potential explanation for sustained trapezius activity may involve the postural role of this muscle. The trapezius is an axioscapular muscle, which acts bilaterally to help stabilize the neck and shoulder girdle (Culham and Peat 1993) , and may therefore remain active in a postural role even in the absence of other physical task demands. It has been proposed that the maintenance of a stable postural set is facilitated by tonic descending oscillations from pyramidal tract neurons in the beta frequency range (Gilbertson et al. 2005 ; Androulidakis et al. 2006 Androulidakis et al. , 2007 Kristeva et al. 2007) . Beta oscillations from the motor cortex can be detected as modulation of motor unit discharge rates at beta (16-32 Hz) frequencies (Conway et al. 1995; Baker et al. 1997) and are most pronounced while holding an isometric contraction or maintaining a steady limb position (Sanes and Donoghue 1993; Conway et al. 1995; Baker et al. 1997; Baker 2007) . Although these observations suggest a functional role for beta oscillations in maintaining posture, modulation of trapezius motor units at beta frequencies has not previously been examined.
Acute exposure to psychosocial stressors has been shown to reduce the frequency of rest periods in trapezius muscle activity (McLean and Urquhart 2002; Schleifer et al. 2008 ). Although respiration is under the control of the sympathetic nervous system and often increases in response to stress, the one study that previously examined changes in respiratory modulation of motor unit activity during exposure to a stressor reported decreased modulation at these frequencies (Westgaard et al. 2006) . However, the decrease in respiratory modulation observed in this study may have been confounded by changes in the motor task across stress conditions.
Postural inputs to the motor neuron pool during exposure to a stressor have received even less attention. Beta oscillations in the activity of pyramidal tract neurons are inversely related to the excitability of the motor cortex (Chen et al. 1999; Maki and Ilmoniemi 2010) , such that increases in cortical excitability are accompanied by decreases in cortical oscillations at beta frequencies. There is evidence that stress can inXuence the excitability of the motor cortex (Wassermann et al. 2001; Centonze et al. 2005) , suggesting that stress might also aVect cortical oscillations at beta frequencies. This hypothesis is supported by evidence that corticomuscular coherence at beta frequencies is reduced in the presence of a cognitive load (Kristeva-Feige et al. 2002) ; however, these results were obtained during voluntary contraction of a forearm muscle and may not explain stress-evoked increases in trapezius muscle activity during periods of intended muscle rest.
The Wrst aim of this study was to compare the modulation of trapezius motor unit discharge rates at respiratory (0-0.5 Hz) and beta (16-32 Hz) frequencies between motor units active in the absence of physical task demands and motor units active during steady volitional contractions. The second aim of this study was to determine whether acute exposure to psychosocial stressors in the absence of physical task demands alters the modulation of trapezius motor unit discharge rates at these frequencies. We hypothesized that the discharge of trapezius motor units would be modulated at 0-0.5 and 16-32 Hz, consistent with respiratory and beta contributions to tonic and voluntary activation of the trapezius muscle. We further hypothesized that discharge rate modulation at these frequencies would be altered both by voluntary contraction and by acute exposure to psychosocial stressors, reXecting a state-dependent shift in the distribution of synaptic inputs to the motor neuron pool. SpeciWcally, we expected to observe (1) greater modulation at 16-32 Hz and reduced modulation at 0-0.5 Hz for motor units active during voluntary contractions compared to motor units active in the absence of physical task demands due to a greater requirement for postural control during voluntary force generation; (2) greater modulation at 0-0.5 Hz during acute exposure to a stressor due to enhanced sympathetic activation of respiration; and (3) reduced modulation at 16-32 Hz during acute exposure to a stressor reXecting an increase in cortical excitability.
Methods

Subjects
Motor units active in the absence of physical task demands were recorded from 15 healthy women ranging from 23 to 55 years of age (mean (SD) 35.5 (10.8) years). Motor units active during low-intensity voluntary contractions were recorded from nine healthy women ranging from 23 to 50 years of age (mean (SD) 31.4 (9.3) years). Six women participated in both experiments. All subjects were free of neck pain at the time of the study and reported no history of neck pain or other neurological or orthopedic impairments in the upper limbs. All participants provided informed consent in accordance with procedures approved by of the Colorado Multiple Institutional Review Board. These procedures included additional protections for a partial waiver of consent required for the stress manipulation as described below.
Experimental protocol
For all experiments, subjects were seated upright with their hip and knee joints Xexed approximately 90° and their feet resting comfortably on a foot rest. The arms were abducted approximately 45° and positioned in line with the trunk, with the elbows Xexed and the forearms supported on arm rests parallel to the Xoor. Custom restraints were placed over each acromion preventing movement of the shoulders. Each restraint consisted of a padded force transducer (1112 N range; 7.6 mV/N; P310, Cooper Instruments, Warrenton, VA, USA) mounted on a vertical metal restraint that was adjusted to Wt securely over the acromion with the shoulders in a relaxed position. Elevation of the shoulders exerted a compressive force on the restraints. The force exerted by the left shoulder was displayed in real time on a feedback screen positioned at eye level approximately one meter in front of the subject. The position of the screen and the gain of the visual feedback were kept constant across experimental conditions.
Data from motor units active in the absence of physical task demands were obtained from women who participated in a previous study regarding the eVects of acute exposure to psychosocial stressors on motor unit discharge behavior during voluntary ramp contractions (Stephenson and Maluf 2010) . In this study, subjects performed Wve brief voluntary ramp contractions of the trapezius muscle during exposure to low and high stress conditions. Each contraction was followed by a 60-s rest period in which visual feedback of shoulder elevation force was removed, and subjects were instructed to relax their shoulders. These rest periods are subsequently referred to as periods of instructed muscle rest. Subjects began counting at the start of each voluntary contraction and continued counting throughout the 60-s rest period such that the stress manipulation (see below) was maintained during periods of instructed muscle rest between successive voluntary contractions. Despite speciWc instructions to relax the muscle, motor unit activity was observed during periods of instructed muscle rest in 15 of the 21 subjects. These data comprise the present study sample.
The voluntary ramp contractions reported in Stephenson and Maluf (2010) were performed while matching a triangular force template, such that the voluntary command to the motor neuron pool varied with time. Furthermore, the voluntary contractions reached intensities of up to 30% of maximum force, and the mean discharge rate was much higher than that observed during periods of instructed muscle rest. Therefore, these voluntary contractions were not suitable for comparison with the tonic motor unit discharge observed during instructed rest, and an additional experiment was conducted to examine motor unit discharge behavior during steady-state voluntary contractions. For these experiments, subjects performed a low-intensity isometric contraction of the trapezius muscle by matching shoulder elevation force to a steady target displayed on the feedback screen. The target force was initially set to a level that resulted in regular discharge of an isolated motor unit, and was then reduced every 30 s until motor unit discharge was no longer observed (see Fig. 1) . The lowest contraction level in which regular motor unit discharge was observed was selected for analysis. To enable comparison with the motor unit activity recorded during periods of instructed muscle rest, these experiments were performed during exposure to the low stress condition as described below.
Psychosocial stress manipulation Levels of arousal were manipulated using a psychosocial stressor comprising a verbal math task (Noteboom et al. 2001; Lundberg et al. 2002) combined with social evaluative threat (Dickerson and Kemeny 2004) . Subjects were informed that the purpose of the study was to examine the eVects of mental concentration and therefore remained naïve to the stress manipulation until the debrieWng that followed the high stress condition. To control for attention eVects, a low stress condition was performed in which subjects were asked to verbally count backwards by Wve from a four-digit number that was evenly divisible by Wve. Subjects were provided with a new number prior to each contraction and were required to continue counting throughout the 60-s rest period. Subjects were told that these were practice trials in which their performance would not be monitored. Encouragement and positive feedback were provided during the low stress condition regardless of actual performance.
The low stress condition was followed by a high stress condition in which the diYculty of the math task was increased by asking the subject to verbally count backwards by a randomly selected one-or two-digit number from a randomly selected four-digit number. Prior to this condition, subjects were informed that it was extremely important to perform the test as fast and accurately as possible. Subjects were instructed that their performance would be videotaped and graded against other participants and were oVered a monetary incentive for good performance. The high stress condition was administered by a diVerent examiner with whom the subject was not familiar, and no positive feedback was provided regardless of actual performance. Immediately after completing the high stress condition, all subjects were fully debriefed regarding the stress manipulation. Subjects were assured that that their performance had not been permanently recorded on videotape and that they would receive the full monetary compensation regardless of performance.
Data acquisition
The interference EMG signal from the left upper trapezius muscle was recorded using biploar surface electrodes (silver-silver chloride; 8 mm electrode diameter; In Vivo Metric, Healdsburg, CA, USA). Electrodes were placed with 15 mm interelectrode distance, centered 20 mm lateral to the midpoint between C7 and the posterior lateral border of the acromion, and the reference electrode was placed over a bony portion of the clavicle. BioampliWers (Coulbourn Instruments, Allentown, PA, USA) were used to amplify (1,000£) and band-pass Wlter (13-1,000 Hz) the signal prior to sampling and storage at 2,000 samples/s (Power 1401, 16-bit resolution, Cambridge Electronic Design, Cambridge, UK). Single motor unit activity was recorded from the left upper trapezius muscle using a bipolar intramuscular electrode. Intramuscular electrodes were custom made and consisted of two Formvar-insulated stainless steel wires (50 m diameter; California Fine Wire Co., Grover Beach, CA, USA) with the cross-sectional area exposed for recording. A 30-gauge needle was used to insert the wires between the two surface electrodes. The needle was removed after placement of the intramuscular wires, and the signals were examined online to verify the detection of motor unit action potentials during low-intensity voluntary contractions. The reference electrode for the intramuscular recordings was a surface electrode placed over the clavicle. Intramuscular EMG signals were ampliWed (1,000£) and band-pass Wltered (20-8,000 Hz) prior to sampling and storage at 20,000 samples/s.
Physiologic arousal was assessed at the beginning of the experimental session (baseline) and at the end of each block of test contractions using an automated oscillometric cuV (Coulbourn V series module) placed around the right arm to measure the heart rate and mean arterial pressure. Perceived anxiety was assessed at baseline and at the end of each block of test contractions using the state anxiety portion of the Spielberger State-Trait Anxiety Index (Spielberger et al. 1970) .
To conWrm the frequency content of respiration, chest wall movement was measured using an aneroid pressure transducer (Coulbourn Instruments, Allentown, PA, USA) during experiments that examined steady-state voluntary contractions of the trapezius muscle (N = 9). No instructions with regard to breathing were provided, and respiratory data were sampled and stored at 100 samples/s as subjects breathed naturally throughout the experiment. Fig. 1 Representative example of the procedure used to identify minimum motor unit discharge rates during voluntary contractions. The target force was initially set to a level that resulted in regular discharge of an isolated motor unit and was then reduced every 30 s until motor unit discharge was no longer observed. The lowest contraction level at which regular motor unit discharge was observed (indicated by vertical dashed lines) was selected for analysis. In this example, the contraction level corresponding to the minimum discharge rate was 1.9% maximum, and the subject could not reduce the contraction intensity further without fully relaxing, whereby the motor unit ceased to discharge QuantiWcation of motor unit behavior Single motor unit action potentials were discriminated from the intramuscular EMG recording using Spike2 software (v5.14; Cambridge Electronic Design, Cambridge, UK). Due to small amplitude or similar shapes of motor unit action potentials, it was not possible to reliably discriminate the discharge proWle of every active motor unit. Therefore, the amount of motor unit activity present during periods of instructed rest was quantiWed by counting the number of times the intramuscular EMG recording crossed a threshold that was manually selected to exceed baseline noise for each subject (Fig. 2) . Each time a MUAP was discharged, the threshold was crossed, and the intramuscular EMG signal was not assessed for the following 5 ms to avoid multiple phases of the same MUAP being counted more than once. This analysis was performed for the 50 s following the end of each voluntary contraction. The Wnal 10 s of the rest period was excluded to avoid anticipatory or preparatory activity associated with the subsequent trial. Any activity associated with obvious voluntary movement (e.g. postural adjustments) was also excluded. The amount of motor unit activity present during instructed rest was expressed as MUAP/s and was averaged across the Wve rest periods in each stress condition for each subject. Root mean square (RMS) amplitude of the interference EMG signal was quantiWed over the same periods.
Discriminated motor unit action potentials were analyzed using custom software written in Matlab (v7.5.0.342, MathWorks Inc., Natick, MA, USA). The instantaneous discharge rate of each motor unit was determined as the reciprocal of the time interval between each MUAP and the MUAP preceding it, expressed in pulses per second (pps). Regular discharge was deWned as interspike intervals <600 ms, and the mean and coeYcient of variation (CV) of instantaneous discharge rates were calculated for periods of regular Wring. The modulation of motor unit discharge rate was quantiWed by calculating the frequency content of the motor unit discharge rate proWles as described by Rosenberg et al. (1989) . BrieXy, the discharge times were partitioned into contiguous, nonoverlapping epochs of 1.28 s that each comprised 256 bins. Each 5-ms bin was then given a value of 1 when it contained a discharge time, and a value of 0 when it did not. These time-series data were converted into the frequency domain using a fast Fourier transform with a resolution of 0.125 Hz (sampling frequency = 256 Hz and window size = 2,048). The resulting power spectra were quantiWed by calculating the mean power across 0-0.5 and 16-32 Hz (see Fig. 4a ). These bands correspond with previous reports indicating modulation of motor unit discharge rate at 0-0.5 Hz associated with respiration (Westgaard et al. 2006) , and at 16-32 Hz associated with oscillations in cortical activity (Farmer et al. 1993a; Farmer et al. 1993b; Conway et al. 1995; Gross et al. 2000) . The frequency content of chest wall movement conWrmed that the 0-0.5 Hz modulation of motor unit discharge was within the same frequency range as respiration (see Fig. 4) . Mean values were analyzed to reXect the overall eVect of each condition within the frequency bands of interest, rather than detailed variations of peaks within these bands.
Statistical analysis
It was not possible to discriminate the same motor units across low and high stress conditions and variables based on motor unit discriminations were therefore analyzed as independent samples. Normality of data was assessed using the Kolmogorov-Smirnov test. No variables were signiWcantly diVerent from the normal distribution. All variables are reported in the text as mean (SD) and in Wgures as mean § 95% CI. The level of signiWcance for all comparisons was set at P · 0.05. All statistical analyses were performed with SPSS software (v16.0.1, Chicago, IL, USA).
Contraction intensity was quantiWed by RMS amplitude of the interference EMG signal and compared across periods of instructed rest and voluntary contractions using an independent t-test. The mean and CV of instantaneous discharge rate proWles, and the power in motor unit discharge rate proWles at 0-0.5 Hz and 16-32 Hz were compared (1) across motor units active during periods of instructed rest and voluntary contractions, and (2) across low and high stress conditions for motor units active during periods of instructed rest using independent t-tests. Heart rate, blood pressure, and perceived anxiety were compared across time (baseline; low stress; high stress) using a repeated measures one-way analysis of variance. The amount of motor unit activity and RMS EMG during periods of instructed muscle rest were compared across stress conditions (low stress; high stress) using a paired t-test. The association between the amount of motor unit activity present during instructed rest and each measure of arousal was assessed using Pearson's correlation.
Results
Comparison of motor unit activity between instructed rest and volitional contractions
Twenty-seven motor units (from 12 subjects) were discriminated during periods of instructed muscle rest in the low stress condition. Eighteen motor units (from 9 subjects) were discriminated during the voluntary contractions performed under low stress conditions. RMS EMG during the voluntary contractions (13.7 (12.5) % maximum) was similar to that observed during instructed rest (11.5 (7.8) % maximum; P = 0.591). However, the discharge rate of motor units active during periods of instructed muscle rest was lower (P = 0.016) and more variable (P < 0.001) than that of motor units active during voluntary contractions performed at the lowest contraction intensity at which motor unit activity could be observed (Fig. 3) . The mean power of discharge rate modulation at 0-0.5 Hz was greater for motor units active during periods of instructed muscle rest compared to those active during voluntary contractions ( Fig. 4b , P = 0.002). Conversely, the mean power of discharge rate modulation at 16-32 Hz was less for motor units active during periods of instructed rest compared to those active during voluntary contractions ( Fig. 4c , P = 0.009). There was a positive association between mean discharge rates and power at 0-0.5 Hz (r 2 = 0.18; P < 0.001), power at 16-32 Hz (r 2 = 0.59; P < 0.001), and total power from 0 to 32 Hz (r 2 = 0.60; P < 0.001). Therefore, we expressed the power at each frequency as a percentage of the total power to account for diVerences in the inXuence of mean discharge rates on the power spectra across experimental conditions. Despite a signiWcantly lower mean discharge rate during instructed rest, the mean relative power of discharge rate modulation remained greater at 0-0.5 Hz (0.17 (0.16) % vs. 0.06 (0.04) %; P = 0.002) and less at 16-32 Hz (0.44 (0.01) % vs. 0.46 (0.01) %; P = 0.001) during instructed rest compared to voluntary contractions.
Comparison of motor unit activity during instructed rest under low and high stress conditions
The experimental stressor successfully increased heart rate, mean arterial blood pressure, and perceived anxiety during the high stress condition compared to the low stress condition (Heart rate = 81.5 (18.0) vs. 69.0 (8.7) bpm; blood pressure = 102.2 (12.4) vs. 92.5 (11.0) mmHg; perceived anxiety = 46.3 (11.6) vs. 32.0 (10.2); P · 0.002). Values during the low stress condition were not signiWcantly diVerent from baseline values (Heart rate = 69.0 (8.7) vs. 69.1 (8.1) bpm; blood pressure = 92.5 (11.0) vs. 87.1 (6.8) mmHg; perceived anxiety = 32.0 (10.2) vs. 26.4 (6.1); P > 0.05). The amount of motor unit activity present during periods of instructed rest was greater in the high stress condition than in the low stress condition (P = 0.021; Fig. 5a ). This was paralleled by an increase in RMS EMG during the high stress condition (13.3 (9.6) vs. 11.5 (7.8) % maximum in the low stress condition; P = 0.043). Changes in motor unit activity across stress conditions were correlated with changes in mean arterial blood pressure (r 2 = 0.45; P = 0.006; Fig. 5b ) and heart rate (r 2 = 0.28; P = 0.044; Fig. 5c ), but not with changes in perceived anxiety (r 2 = 0.00; P = 0.850; Fig. 5d ). Twenty-seven motor units (from 12 subjects) were discriminated during periods of instructed muscle rest in the low stress condition, and 30 motor units (from 14 subjects) were discriminated during periods of instructed rest in the high stress condition. The duration of sustained activity for these motor units was similar across low and high stress conditions (41.6 (11.0) s and 36.7 (15.0) s, respectively; P = 0.205). Motor unit discharge rate was similar across low and high stress conditions (P = 0.701; Fig. 6a) ; however, the variability of this discharge was higher during the low stress condition (P = 0.015; Fig. 6b ). The mean power of discharge rate modulation at 0-0.5 Hz (P = 0.391) and 16-32 Hz (P = 0.089; Fig. 6c, d ) was also similar across low and high stress conditions.
Discussion
This study examined the frequency modulation of motor unit discharge rates in the trapezius muscle of healthy women and is the Wrst study to demonstrate modulation at 0-0.05 and 16-32 Hz for motor units with sustained activity during periods of instructed muscle rest that followed voluntary contractions. Furthermore, the results showed that discharge rate modulation at 16-32 Hz was reduced whereas modulation at 0-0.5 Hz was increased in motor units active during instructed muscle rest compared to voluntary contraction. These diVerences were accompanied by a slower and more variable pattern of motor unit discharge during instructed muscle rest. Acute exposure to psychosocial stressors increased the amount of trapezius motor unit activity during periods of instructed muscle rest; however, this activity was not associated with changes in discharge rate modulation at either 0-0.5 or 16-32 Hz.
Source of the observed discharge rate modulation Modulation of trapezius motor unit discharge rates at 0-0.5 Hz has been observed previously during active motor tasks and has been attributed to respiratory inputs to the motor neuron pool (Westgaard et al. 2006) . Although a respiratory origin for this low-frequency modulation has not been directly demonstrated, the power spectrum is remarkably similar to that of chest wall movement (see Fig. 4d ) and discharge rate proWles have been shown to be phased locked to the respiration signal with peak discharge rates most often occurring at the transition from inspiration to expiration (Westgaard et al. 2006) . Baweja et al. (2009) recently reported that visual force feedback during lowintensity force-matching tasks increases Xuctuations in the force trace at 0-1 Hz, suggesting that visuomotor corrections may contribute to oscillations at these frequencies. However, if visuomotor corrections contributed to oscillations in trapezius motor unit discharge at 0-0.5 Hz, it would be expected that the magnitude of these oscillations would be greater during voluntary contractions performed with visual force feedback than during periods of instructed muscle rest in which no force feedback was provided. We observed the opposite result, suggesting that oscillations due to visuomotor corrections did not obscure respiratory inputs at low frequencies. Modulation of discharge rates at 16-32 Hz has not previously been reported for trapezius motor units, although is well studied in the motor units of more distal muscles where it is known to arise from beta frequency oscillations in the activity of pyramidal tract neurons within the motor cortex (Conway et al. 1995; Baker et al. 1997 Jackson et al. 2002) . Although diVerences in the strength of direct cortical projections to distal and proximal muscles have been reported (Clough et al. 1968; Porter and Hore 1969; Jankowska et al. 1975) , evoked responses to transcranial electrical and magnetic stimulation occur at a latency that is consistent with direct projections from pyramidal tract neurons to the trapezius motor neuron pool (Gandevia and Applegate 1988; Berardelli et al. 1991; Strenge and Jahns 1998; TruVert et al. 2000; Bawa et al. 2004; Alexander et al. 2007 ). Additional studies using electro-or magnetoencephalography to determine the coherence of cortical and muscle activity at beta frequencies are needed to conWrm a cortical origin of the 16-32 Hz oscillations in motor unit discharge rates observed in the present study and to compare the strength of this input between muscles with diVerent functional roles. However, a cortical origin of the observed beta modulation is supported by the Wnding that this modulation was greatest when subjects were holding a voluntary isometric contraction, similar to what has been reported for the more distal muscles (Sanes and Donoghue 1993; Conway et al. 1995; Baker et al. 1997; Baker 2007) .
There is some evidence from distal muscles suggesting that corticomuscular coherence at beta frequencies may not arise solely from cortical output pathways (Halliday et al. 1998; Riddle and Baker 2005) , and it has been postulated that feedback from the periphery may also contribute to beta oscillations in motor unit discharge (Baker 2007) . The proposed functional role of this peripheral contribution is to assist with proprioceptive processing. This view is compatible with evidence that beta oscillations represent a cortical state that promotes the maintenance of a steady motor output (Gilbertson et al. 2005; Androulidakis et al. 2006 Androulidakis et al. , 2007 Kristeva et al. 2007 ). Our interpretation Fig. 6 The mean (a) and coeYcient of variation (b) of discharge rate, and the mean power at respiratory (0-0.5 Hz) (c) and beta (16-32 Hz) (d) frequencies for motor units active during periods of instructed muscle rest during low and high stress conditions. Error bars represent 95% conWdence intervals
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of results from the present study assumes that beta oscillations from the motor cortex facilitate tonic motor output, which assists with maintaining a steady level of force during the voluntary force-matching task, as well as maintaining a stable upright posture during periods of instructed muscle rest. However, our results are also consistent with the proposal that beta oscillations play a role in proprioceptive processing, as voluntary contractions that involve a steady level of force production presumably require greater knowledge of the peripheral state than do periods of quiet rest. Whatever the functional role of beta oscillations in motor unit discharge, our results provide the Wrst evidence that these oscillations may be present in axial muscles and are not constrained to the more commonly studied limb muscles.
Motor unit activity during instructed muscle rest
The results of this study support previous reports of trapezius motor unit activity during periods of intended muscle rest in low stress conditions (Kitahara et al. 2000) and suggest that both respiratory and beta inputs may contribute to this activity. Compared to voluntary contractions maintained at a constant target force, the modulation of motor unit discharge rates at beta frequencies was reduced. It has been proposed that beta inputs to the motor neuron pool facilitate the maintenance of a stable postural set (Gilbertson et al. 2005; Androulidakis et al. 2006 Androulidakis et al. , 2007 Kristeva et al. 2007) , and the higher level of beta inputs to the trapezius motor neuron pool when subjects were instructed to maintain a stable voluntary contraction is consistent with this functional role. Although of lesser magnitude, discharge rate modulation at beta frequencies was still present during instructed muscle rest, consistent with the hypothesis that maintaining a stable upright posture may contribute to activation of the trapezius muscle during periods of instructed rest. In contrast, the modulation of motor unit discharge rates at respiratory frequencies was greater during periods of instructed muscle rest than during voluntary contractions, suggesting that respiratory inputs to trapezius motor neurons may be suppressed during the performance of an explicit motor task with high accuracy demands.
Motor units active during periods of instructed muscle rest that followed voluntary contractions had a lower mean discharge rate and higher discharge variability than motor units active during a steady-state voluntary contraction performed with similar cognitive demands. This occurred despite the fact that motor units from the voluntary contraction were analyzed at the lowest discharge rate that was possible under voluntary control as tested in these experimental conditions (see Fig. 1 ). The observation that motor neuron discharge could not be voluntarily maintained at the low rates observed during instructed rest suggests that diVerent mechanisms may contribute to trapezius muscle activation during voluntary and involuntary contractions.
The decrease in discharge rate modulation at 16-32 Hz during instructed rest could be explained by a reduction in the absolute amplitude of the power spectra at the lower discharge rates observed in this condition. However, the lower discharge rates cannot explain concurrent increases in discharge modulation at 0-0.5 Hz, and diVerences in discharge rate modulation persisted for both frequency bands even after accounting for diVerences in the total power of discharge rates across the two experimental conditions. Thus, it appears unlikely that the observed diVerences in discharge rate modulation at respiratory and beta frequencies were confounded by diVerences in the mean discharge rate.
EVects of acute exposure to a psychosocial stressor An increase in the amount of motor unit activity when exposed to a stressor during periods of instructed muscle rest that followed voluntary contractions supports previous reports of increased trapezius muscle activation in response to stress (Lundberg et al. 1994 (Lundberg et al. , 2002 Bansevicius et al. 1997; McLean and Urquhart 2002; Bloemsaat et al. 2005; Nilsen et al. 2007; Schleifer et al. 2008) . The order of the low and high stress conditions was not counter-balanced across subjects, with the low stress condition always being performed Wrst. It is therefore possible that diVerences in motor unit activity between the low and high stress condition may have been inXuenced by testing order. However, the relation between the amount of motor unit activity and stress-induced changes in heart rate and blood pressure suggests a physiologic mechanism for the observed diVerence. Despite an increase in the amount of motor unit activity during the high stress condition, modulation of the motor unit discharge was similar to that observed during the low stress condition. This indicates that inputs to the motor neuron pool at respiratory and beta frequencies are similar across stress conditions, suggesting that these inputs do not underlie the observed increases in motor unit activity.
Contrary to our Wndings, Westgaard et al. (2006) reported reduced respiratory modulation of discharge rates with stress. However, the Westgaard study compared motor unit activity during a low-amplitude voluntary contraction performed in the absence of stress to motor unit activity during a stress-inducing keyboard task that required subjects to press buttons with their Wngers. Although the physical demands imposed on the trapezius muscle by the keyboard task were considered to be minimal, it is not clear whether the reduced proportion of motor units exhibiting respiratory modulation was caused by exposure to the stressor, or a change in the motor task. The comparison of low and high stress conditions with no physical task demands in the present study indicates that respiratory inputs to the trapezius motor neuron pool are not altered by exposure to a psychosocial stressor that causes a moderate cardiovascular response typical of that encountered in the workplace.
Although Kristeva-Feige et al. (2002) previously reported reduced corticomusclar coherence at beta frequencies during performance of a mental arithmetic task, this study examined the Xexor digitorum superWcialis muscle during voluntary contractions with visual force feedback. Therefore, the observed changes in coherence may have been speciWc to the muscle examined or the type of contraction performed. Alternatively, any eVects of the mental task may be conWned to corticomuscular coherence and not extend to the power of beta oscillations in the muscle. Discrepancies between these measures have been reported previously (e.g. Witte et al. 2007; Chakarov et al. 2009 ) and may reXect peripheral inXuences on the coherence measure.
It is possible that the frequency content of motor unit discharge rate proWles is not sensitive enough to detect changes in inputs to the motor neuron pool across conditions; however, the comparison of motor unit activity during instructed muscle rest and voluntary contraction suggests that this is not the case. Trapezius motor neurons also receive input from other sources, for example from spinal reXex pathways Harrison 2002, 2003; Alexander et al. 2007 ). Although there is no evidence supporting an a priori hypothesis that spinal inputs to the trapezius muscle are altered by psychosocial stress, this possibility remains to be examined. Alternatively, it is possible that inputs to the motor neuron pool are not altered by acute exposure to stressors, and it is the processing properties of the motor neuron itself that change. One candidate mechanism for altered processing of synaptic inputs is the dendritic persistent inward current (Heckman et al. 2008b) , the magnitude of which is inXuenced by norepinephrine (Conway et al. 1988; Lee and Heckman 1999) . Noradrenergic input to the spinal cord is modulated with stress (Aston-Jones et al. 2001), and it remains possible that the magnitude of persistent inward currents and, consequently, the input-output gain of the motor neuron pool increase during exposure to psychosocial stressors. We previously showed evidence for the presence of persistent inward currents in trapezius motor neurons (Stephenson and Maluf 2010) . Although indirect estimates of the magnitude of these currents were similar in low and high stress conditions, it is likely that they were tightly controlled by inhibitory inputs (Heckman et al. 2008a ) to meet the requirements of accurate force generation during the target-matching task. Thus, the results cannot be generalized to conditions in which force feedback is removed, and the relative role of altered synaptic inputs to spinal motor neurons versus altered processing of these inputs in response to acute exposure to a stressor is yet to be determined.
Although the mean discharge rate of active motor units was similar between low and high stress conditions, the variability of discharge rate was signiWcantly lower during exposure to the stressor. The magnitude of this diVerence was small and may reXect slightly greater net excitation of the motor neuron pool in the high stress condition resulting in a more regular discharge of action potentials. Although greater net excitation would also be expected to increase motor unit discharge rate, trapezius motor units are known to be unresponsive to small changes in excitation (Westgaard and De Luca 2001) , and discharge variability may be more sensitive than mean discharge rate to small changes in depolarization of the motor neuron membrane.
Conclusion
Sustained trapezius motor unit activity during periods of instructed muscle rest that follow voluntary contractions has a lesser contribution from inputs at beta frequencies and a greater contribution from inputs at respiratory frequencies than present during low-intensity voluntary contractions. Acute exposure to a psychosocial stressor increases the amount of trapezius motor unit activity present during these periods of instructed muscle rest, but does not alter the magnitude of inputs to the motor neuron pool at respiratory or beta frequencies. Further study is therefore required to determine the contribution of other sources of synaptic input and altered processing of these inputs to the increase in net excitation of the trapezius motor neuron pool during acute exposure to psychosocial stressors. Such studies may suggest new therapeutic strategies to target sources of tonic muscle activity that may contribute to or exacerbate symptoms of chronic neck pain.
